An experimental study on ordered pyrochlore structured Gd 1.5 Ce 0.5 Ti 2 O 7 ðFd 3mÞ was carried out up to 45 GPa by synchrotron radiation X-ray diffraction and Raman spectroscopy. Experimental results show that Gd 1.5 Ce 0.5 Ti 2 O 7 transfers to a disordered cotunnite-like phase (Pnma Z = 4) at approximately 42 GPa. Compared with the end member Gd 2 Ti 2 O 7 , the substitution of Ce 3+ for Gd 3+ increases the transition pressure and the high-pressure stability of the pyrochlore phase. This pressure-induced structure transition is mainly controlled by cationic order-disorder modification, and the cationic radius ratio r A /r B may also be effective for predicting the pyrochlore oxides' high-pressure stability. Two isostructural transitions are observed at 6.5 GPa and 13 GPa, and the unit-cell volume of Gd 1.5 Ce 0.5 Ti 2 O 7 as a function of pressure demonstrates its compression behaviour is rather complex.
vacant. Empirically, the structural stability of A 2 B 2 O 7 pyrochlores at ambient conditions depends on the ratio of the cation radii, r A /r B [5] , only when 1.46 < r A /r B < 1.78, A 2 B 2 O 7 oxides crystallize in the pyrochlore structure.
As an important thermodynamic parameter, pressure can strongly affect the structures and properties of materials. The safe immobilization of toxic high-level nuclear waste (HLW) requires the waste forms are isolated from biosphere over time scales much longer than the span of recorded human history, because of the radiotoxicity of long half-life isotopes ( 239 Pu, half-life 24 000a). Collapse, explosion and geological changes may exert high pressure on the forms of HLW which are enclosed in the disposal repository at a depth of approximately 1000 m underground. Besides, the large radius actinides substituted into the pyrochlore lattice will decrease the phase stability of the lattice under pressure (e.g. pv-ppv transition pressure of NaMgF 3 and MgSiO 3 [6] ). Above all, the phase stability of the substituted pyrochlore under high pressure needs to be considered. The high-pressure behaviour of pure member pyrochlore oxides has been extensively investigated. Theoretical simulations reveal that titanate pyrochlores (B = Ti 4+ ) and zirconated pyrochlore (B = Zr 4+ )
can transfer to an orthorhombic cotunnite-like structure (Pnma and Z = 4) (figure 1b) at high pressure [7] [8] [9] . At 11 GPa and 1300°C, pyrochlore Eu 2 Ti 2 O 7 transfers to a perovskite-like structure (P2 1 , denoted PL-Eu 2 Ti 2 O 7 ), which has been confirmed as a high-temperature ferroelectric material [10] . In addition, the substitution of pyrochlore-type oxides can form complex composition pyrochlore oxides, which helps control their structure and physical properties. In the Gd 2 Ti 2−x Zr x O 7 binary system, the transition pressure increases along with the decrease of the B site substituting Zr 4+ [11] , while the transition pressure slightly changes in zirconated pyrochlore (Gd 0.9 U 0.1 )(Zr 0.9 U 0.1 )O 7+δ with U-doped in both the A site and B site [12] . Ce 3+ is often used in research as a nonradioactive surrogate for Pu because they share common chemical and crystal-chemical properties. -doping influence on its phase stability and high-pressure behaviour.
Experimental details
The sample in the present study was synthesized using a combustion method. The starting materials tetrabutyl titanate [Ti(OBu) 4 ] (Aladdin, greater than 99.0%), Gd(NO 3 ) 3 ·6H 2 O (Aladdin, 99.9%) and Ce(NO 3 ) 3 ·6H 2 O (Aladdin, 99.9%), were dissolved stoichiometrically in nitric acid and deionized water, respectively, with magnetic stirring. Glycine (Aladdin, 99%) as a fuel with a mole ratio n(Gly)/ n(Ti) = 2.8 was added to the mixed solution. This mixture was heated on a hot plate until an autoignition process in a corundum crucible. The obtained solid was sintered at 1473 K for 2 h under Argon atmosphere in order to avoid the Ce 3+ being oxidized.
Symmetry-type diamond anvil cells were employed as a high-pressure apparatus. Two runs of in situ synchrotron X-ray diffraction experiments were carried out under λ = 0.6199 Å. Rhenium gaskets were [14] . In run 2, an experiment up to approximately 20 GPa was carried out at the Beijing Synchrotron Radiation Facility (BSRF) 4W2 beamline. Noble gas argon was loaded into the sample chamber as PTM and the pressure was monitored using the ruby fluorescence method [15] . All of the XRD patterns were converted from Debye rings to one-dimensional X-ray profiles versus 2θ via FIT2D code [16] . The high-pressure XRD patterns were fitted using the Le Bail method implemented using GSAS + EXPGUI software [17] . High-pressure Raman experiments were carried out up to approximately 40 GPa at room temperature on a Renishaw inVia reflex laser Raman spectrometer. A 532 nm diode-pumped solid-state laser was employed as the excitation light source. The polycrystalline sample was compressed into slices and placed in a 150 µm diameter hole drilled in pre-indented Rhenium gaskets. The ruby fluorescence technique was employed to calibrate the pressure [15] , and silicone oil was used as the pressure medium. figure S1 ). At the beginning of the experiments, all of the reflections can be indexed as a pyrochlore structure, indicating that the Gd 1.5 Ce 0.5 Ti 2 O 7 crystallized in the pyrochlore structure. At 43.7 GPa, a new reflection arises at approximately 13°between the (222) and (400) reflections of the pyrochlore structure. The intensities of (400), (331), (333), (440) and (531) reflections decrease while the intensity of (111) cotunnite-like phase (Pnma). Due to the high degree of disorder and large strain inherent in the highpressure cotunnite-like phase, it is difficult to identify the structure of the high-pressure phase through XRD. So an absolute phase fraction of cotunnite-like phase in the sample is hard to refine by the Rietveld method. However, the intensity ratio (I/I 0 ) between the scattering intensity between the (222) and (004) pyrochlore structure diffraction (I ), which is the location of the most intense cotunnite peaks and the intensity of (222) reflection (I 0 ), is employed as a relative phase fraction in order to determine the onset transition pressure. The I/I 0 as a function of pressure are shown in figure 3 . After approximately 40 GPa, the I/I 0 increases rapidly, and the onset of the transition pressure is 39.8 GPa.
Results
Here, in order to compare with previous studies, the onset transition pressure is determined as 42 (2) GPa based on the intensity increase of the cotunnite-like reflections.
According to group theory, pyrochlore structured Gd 1.5 Ce 0.5 Ti 2 O 7 has 6 Raman active modes, namely, 
Discussion
Apart from crystal structure prediction under ambient conditions, the cationic radius ratio r A /r B is effective for predicting the high-pressure stability of pyrochlore oxides. The transition pressure of Gd [11] . The transition pressures of titanite pyrochlore oxides are listed in table 1. A larger ionic radius replacement will usually lower the transition pressure. However, the current study found that as the radius of the A-site cation increased, the pyrochlore to cotunnite-like phase transition pressure rose ( figure 4 ). This unusual tendency is related to the mechanism of the pyrochlore-cotunnite transition. The high-pressure cotunnite-like phase is a highly disordered phase. perspective, the pressure-induced phase transition from the pyrochlore phase to the cotunnite-like phase is an order-disorder transition. When Gd 3+ was replaced by Ce 3+ , the average cationic radius of the A site and the ratio r A /r B increased. Theoretical calculations have also proved that pyrochlore oxide with a larger r A /r B causes higher defect formation energy (DFE) of cation antisite and anion Frenkel defects [29] . The higher DFE hinders the order-disorder transition. The results also confirm the substitution of large cationic radius actinides in the A-site of pyrochlore oxides will increase the cationic radius ratio r A /r B , and the transition pressure. But the substitution in the B-site will decrease the stability of the pyrochlore phase by lowering the r A /r B . So during the immobilization of the high level toxic nuclear waste, the A-site substitution will obtain a more stable form. 6 ] octahedral, and this distortion is thought to be related to the pressure-induced crystallization of the spin liquid [32] . The compression behaviour of Gd 1.5 Ce 0.5 Ti 2 O 7 is rather complex as a function of pressure. The pressure variation of the d-spacing for some strong diffraction peaks displayed twice change in slope: 6.5 GPa and 13.5 GPa, as shown in figure 6 . To obtain the unit-cell parameters of Gd 1.5 Ce 0.5 Ti 2 O 7 at various pressures in 2 runs (run 1: p < 40 GPa), the Le Bail refinement based on the pyrochlore structure for the in situ synchrotron X-ray diffraction patterns before the transition pressure was carried out and is plotted in figure 5 , and the unit-cell volumes of various pressures are listed in Shannon, 1976 [25] .
# is from the single crystal high-pressure XRD [26] . * is from the present study. to fit these data only in run 2: Figure 5 . The P-V relationship of Gd 1.5 Ce 0.5 Ti 2 O 7 . The black squares are the data of run 1, with silicone oil loaded as the pressure medium. The red circles are data from run 2, whose pressure medium is noble gas argon. The P-V curves from three regions are shown in different colours: the dark green curve indicates p < 6.5 GPa, the purple curve shows 6.5 GPa < p < 13.5 GPa and the blue curve is p > 13.5 GPa. 13 GPa, the rate of change in the unit-cell volume is less than the region of p < 6.5 GPa, indicating an increase in the incompressibility. The B 0 of this region is 261(2) GPa, which increases by 40%. At pressures higher than 13 GPa, the slope again steepens. The bulk modulus over 13 GPa decreases to 195(5) GPa. In run 1, although the pressure transmitting medium is silicone oil, the same tendency is observed. Le Bail refinement of in situ high-pressure XRD (electronic supplementary material, figure S2 ) and in situ high-pressure Raman spectra confirm that no phase transition occurred. The d-spacing of each hkl of pyrochlore and the a-axial length a at various pressures also confirmed the compressibility changes at 6.5 GPa and 13 GPa. ( figure 6 ; electronic supplementary material, figure  S2 ). So we think there are two isostructural changes occurring in Gd 1.5 Ce 0.5 Ti 2 O 7 at 6.5 GPa and 13 GPa. Figure 6 . The d-spacing of Gd 1.5 Ce 0.5 Ti 2 O 7 as a function of pressure. The black, blue and green lines are different regions ( p < 6.5 GPa, 6.5 GPa < p < 13.5 GPa, and p > 13.5 GPa, respectively). [35] , and the mechanism is thought to be related to the anion disorder. Limited to the in situ high-pressure XRD experiment conditions, the refined crystal structure of the Gd 1.5 Ce 0.5 Ti 2 O 7 could not be obtained. Besides, the high-pressure Raman spectrum is also not high quality enough to obtain the vibration frequencies at various pressures because the sample studied is polycrystalline powder, so a single crystal sample is essential. On the other hand, the electron structure of Gd 3+ is [Xe]4f 7 , and Ce 3+ is [Xe]4f 1 , which means the Gd 1.5 Ce 0.5 Ti 2 O 7 is undoubtedly a strong correlation system. The possibility that this complex compression behaviour is caused by the transition of the f-electron structure is hard to rule out. Finally, compared with the P-V data plotted from run 1 and run 2, the compression behaviour changes of Gd 1.5 Ce 0.5 Ti 2 O 7 may be related to the hydrostatic condition caused by the different PTM. Although the solidification pressure is 1.4 GPa at 300 K and its hydrostatic limit is approximately 9 GPa, Ar still provides a better hydrostatic condition than silicone oil does [36] . At P below 6.5 GPa, the unit-cell volumes of the samples are in good agreement in both run 1 and run 2. At P between 6.5 GPa and 13 GPa, the slope of the P-V curve from run 1 is lower than run 2, which means in silicone oil, Gd 1.5 Ce 0.5 Ti 2 O 7 is more incompressible than in Ar. At P higher than 13 GPa, the P-V curve from run 1 is systematically higher than that from run 2, possibly due to the compressibility difference in the previous pressure regions. The slope of this region from the two runs is nearly the same. So the isostructural transitions may be related to the hydrostatic conditions. Above all, elucidating the mechanism of the complex compression behaviour of Gd 1.5 Ce 0.5 Ti 2 O 7 requires more evidence. Figure 7 shows the bulk modulus (B 0 ) when P < P c , (P c : the compressibility change pressure) of titanite pyrochlore oxides with different r A /r B . The bulk modulus B 0 of most of the titanite pyrochlores is higher than 180 GPa. The cationic radii ratio r A /r B is negatively correlated to the bulk modulus. This is because the smaller A-site cationic radius can shorten the bond lengths by reducing the unit-cell parameters a. When they are shortening, the chemical bonds will be more incompressible. The average A-site cationic radius of Gd 1.5 
Conclusion
The present experimental results demonstrate that ordered pyrochlore structured Gd 1.5 Figure 7 . The bulk modulus of titanite pyrochlores and the unit-cell parameter a versus the cationic radii ratio (r A /r B ). The black square marks represent the bulk modulus listed from previous research, the blue squares represent the a axial lengths, and the star mark represents the results of this study.
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